Systematic regional sampling along the contact zone of the 1.85 Ga age Sudbury Igneous Complex with the Archean Levack Gneiss footwall in the North Range of the Sudbury structure revealed textural, mineralogical, and fluid inclusion systematics of post-Sudbury Igneous Complex hydrothermal processes that affected the various lithologies. At late stages of emplacement of the Sudbury Igneous Complex and formation of magmatic Fe-Ni-Cu sulfide deposits a partial melt from the Levack Gneiss invaded the contact zone. This partial melt is revealed by small microdikes and irregular bodies of granophyric quartz-plagioclase with megacrysts of hornblende, clinopyroxene, and titanite. Plagioclase-hornblende equilibrium was established at 750°to 800°C and 1.10 to 1.55 kbars pressure, corresponding to about a 4-to 6-km depth under lithostatic conditions. F/Cl wt percent ratios around 15 for accessory apatite and hornblende indicate that a Cl-rich fluid phase separated during the crystallization of the footwall granophyre: this is expressed as miarolites. The Cl-rich fluid (50 wt % NaCl equiv salinity) was trapped as primary fluid inclusions in quartz at around 480°C minimum temperature and around 1.1 kbars minimum pressure during supercooling. These inclusions are rich in Ca, Fe, Mn, and K, as well as Na chloride. This fluid may have interacted with earlier primary magmatic sulfide, causing remobilization and reprecipitation of Cu-Ni-platinum-group elements (PGE) in veins and disseminations in the footwall. These veins are parallel to the Sudbury Igneous Complex-footwall contact and are characterized by chalcopyrite, pentlandite, millerite, magnetite, stilpnomelane, ferropyrosmalite, epidote, and chlorite. Michenerite, moncheite, merenskyite, froodite, insizwaite, sobolevskite, gold, and Bi-Ni sulfides are associated with sulfides. Epidote, quartz, actinolite, and chlorite are common in the alteration selvages of the veins. Compositions and assemblages of platinum-group minerals (PGM) indicate their precipitation below 575°to 485°C. Primary, highly saline fluid inclusions (about 40 wt % NaCl equiv) in quartz indicate crystallization at 400°to 480°C and around 1.6 kbars minimum T and P, respectively. Late carbonate-epidote-actinolite-chlorite veins and alteration overprinted the earlier assemblages at about 300°to 400°C, with some bornite, millerite, native silver, and other Bi sulfides.
Introduction
THE SUDBURY mining area is one of the largest producers of magmatic Fe-Cu-Ni ores. The emplacement of the Sudbury Igneous Complex occurred at 1.85 Ga (Krogh et al., 1984) and related magmatic segregation processes led to the formation of the Fe-Ni-Cu sulfide ores (Naldrett, 1981 (Naldrett, , 1984 Naldrett et al., 1994) . The massive and disseminated magmatic sulfide contact orebodies occur at the base of the Sudbury Igneous Complex, in the contact zone with footwall rocks. Vein-type deposits occur in various footwall units beneath the Sudbury Igneous Complex: they are enriched in Cu, Ni, platinum-group elements (PGE), Au, Ag, Bi, and Te in comparison to massive magmatic sulfide ores . Based on geochemical data Naldrett et al. (1999) established a magmatic-segregation model with injection of multiple fractionated sulfide magma into fractured footwall rocks to explain the formation of these veins. However, data from Li and Naldrett (1993) and Jago et al. (1994) indicate that even during this hypothetical fractionation-injection process a Cl-rich fluid phase may have played some role. Farrow and Watkinson (1992) , Farrow (1994) , Watkinson (1994) , Farrow and Watkinson (1996) , and Everest (1999) suggested that hydrothermal remobilization of elements from primary magmatic sulfide ores provides an alternative hypothesis for the genesis of the vein-type deposits in the footwall units.
On the basis of fluid inclusion studies Farrow (1994) , Molnár et al. (1997 Molnár et al. ( , 1999 , and Marshall et al. (1999) found several fluid mobilization stages in various vein-type deposits in the footwall of the Sudbury Igneous Complex. However, the regional systematics of these hydrothermal events interacting with the rocks below the magmatic complex have not been characterized; therefore, we carried out detailed textural, mineralogical, and fluid inclusion analyses at several deposits and rock exposures along the North Range of the Sudbury Igneous Complex. The main target was to establish the relative timing of fluid mobilization processes that occurred during and after emplacement of the magmatic complex. Also, the spatial distribution of various types of fluids along the lower contact of the Sudbury Igneous Complex and into the footwall units was investigated. The role of different fractures in fluid flow was established on the basis of orientation of fluid inclusion planes. These results are used for evaluation of the role of different types of fluids in the generation of vein-type Cu-Ni-PGE deposits in the footwall units of the Sudbury Igneous Complex.
The main mass of the Sudbury Igneous Complex consists of norite, quartz gabbro, and granophyric units from bottom to top plus quartz diorite dikes intruded both radially and concentrically into the footwall rocks (Naldrett and Hewins, 1984) . The igneous complex is approximately 2.5 km thick along the northern part of the structure (North Range). There the Sudbury Igneous Complex contact dips at about 30°S (McGrath and Broome, 1994; Milkreit et al., 1994) and the footwall rock is Archean Levack Gneiss of the Superior province. The thickness of the Sudbury Igneous Complex is more than 4 km in the South Range where the various units are strongly tectonized, and due to thrusting the main mass rocks now dip northerly. According to Cowan and Schwerdtner (1994) and Riller and Schwerdtner (1997) the thrusting occurred during the Penokean orogeny (1.9-1.7 Ga). Reconstruction based on the paleomagnetic data (Morris, 1984) suggests that the original dip of both the North Range and the South Range was 20°-30°SW.
Along the North Range, the lowermost unit of the Sudbury Igneous Complex consists of an approximately 100-m-thick mafic norite, which is underlain by the discontinuous and irregular, noritic to gabbroic, inclusion-rich contact sublayer of up to several hundred meters thickness in embayments of the footwall contact (Coats and Snajdr, 1984; Naldrett and Hewins, 1984) . Inclusions of this unit consist of mafic to ultramafic fragments as well as partially assimilated fragments of Levack Gneiss. Data from Naldrett and Hewins (1984) and Lightfoot et al. (1997) are compatible with the contact sublayer being emplaced as a late-stage (mantle-derived) magma pulse and not formed by fractionation from the main mass Sudbury Igneous Complex.
The footwall breccia between the contact sublayer and the Levack Gneiss is the major host of magmatic sulfide deposits along the North Range ; it is more than 100 m thick in places. It grades into the Levack Gneiss with a decrease in intensity of brecciation and in mafic-ultramafic inclusions and by an increase in the amount of granitic and/or gneissic fragments (Moore and Nikolic, 1994) .
The Levack Gneiss Complex consists of migmatitic tonalite and granodiorite orthogneiss and biotite paragneiss with foliated diorite, gabbro, pyroxenite, granodiorite, and monzodiorite bodies (Card et al., 1984) . U-Pb protolith ages are between 2.71 and 2.66 Ga and the upper amphibolite-granulite facies peak metamorphism (750°-800°C and 6-8 kbars; James et al., 1991) occurred at 2.65 to 2.64 Ga (Krogh et al., 1984; Ames et al., 1997) . After high-grade metamorphism and deformation, the Levack Gneiss Complex was intruded by the Cartier Granite batholith at about 2.64 Ga, and emplacement of some of the northwest-trending mafic dikes (Matachewan dikes) and small intrusions occurred prior to the emplacement of the Sudbury Igneous Complex. The footwall rocks contain numerous pseudotachylite dikes or irregular bodies of Sudbury breccia related to the impact event (Dressler, 1984; Dressler et al., 1992) . Northwest-trending olivine diabase dikes (Sudbury dike swarm) of 1.24 Ga age (Krogh et al., 1987) cut both the footwall rocks and the Sudbury Igneous Complex along the North Range.
Emplacement of the Sudbury Igneous Complex resulted in contact metamorphism of the Levack Gneiss, manifested by its partial melting and recrystallization. The high-temperature contact metamorphic aureole is up to 1.2 km wide, and it is characterized by assemblages of clinopyroxene-plagioclasebiotite-hornblende-quartz as a function of distance from the contact (Dressler, 1984) . According to James and Dressler (1992) , the strong recrystallization in the contact zones took place at 800°to 1,015°C and at 1.5 to 3.0 kbars (5-11-km depth). The pyroxene-hornfels facies limit, corresponding to approximately 560°to 650°C is about 200 to 250 m from the contact, followed by 500 m of hornblende hornfels facies (500°-560°C). The outer, lower temperature zones are characterized by plagioclase and quartz recrystallization only. Radiometric isotopic studies on minerals from the contact zones along the North Range (Wodiczka, 1997) did not reveal resetting of isotopic composition, suggesting that post-impact rocks are essentially unmetamorphosed in this part of the Sudbury structure.
The most pronounced structural feature of the contact zone along the North Range is the presence of left-lateral strike-slip faults (Fecunis Lake fault and Sandcherry Creek fault) with several hundred meters of horizontal and less vertical displacement ( Fig.1) . The strike of these faults varies between 337°and 355°. The major joint sets are (1) 60°to 70°, parallel to the Sudbury Igneous Complex-footwall contact with dip perpendicular or parallel to the contact; (2) 320°to 340°, perpendicular to the Sudbury Igneous Complex-footwall contact; and (3) 290°to 310°, parallel to the orientation of the pre-impact (Matachewan) and post-impact (Sudbury) mafic dikes (Rousell, 1984; Rousell et al., 1999) . The strike orientations parallel to the contact of the Sudbury Igneous Complex may also be related to the tectonic reequilibration of the impact structure and emplacement and cooling contraction of the igneous body. Coats and Snajdr (1984) and Morrison et al. (1994) distinguished three major types of Ni-Cu mineralization along the North Range. These are contact-type deposits mostly in the footwall breccia, veins in footwall rocks, and offset-type deposits of quartz-diorite dikes extending from the Sudbury Igneous Complex. The offset-type deposits are less economically significant along the North Range and were not investigated during this study.
The contact-type deposits occur at the base of the Sudbury Igneous Complex in embayments of its contact with the Levack Gneiss, such as at Craig, Strathcona, Fraser, Coleman, Levack, Whistle, and parts of the McCreedy East and McCreedy West mines (Fig. 2) . The host lithology of most ore is the footwall breccia, although some ore occurs in the contact sublayer as well as in the Levack Gneiss. The typical magmatic sulfide ores form disseminations, blebs, stringers, and massive bodies as matrix to the breccia or composing breccia fragments. The common sulfides are pyrrhotite, pentlandite, and chalcopyrite, with minor pyrite and magnetite. The Cu/Ni ratio is less than 1, with an irregular increase toward the footwall. The Pt, Pd, and Au contents of ore normalized to 100 percent sulfide content are 0.1 to 4, 0.05 to 9, and 0.01 to 0.3 g/t, respectively (Naldrett et al., 1994) . Precious metal values usually increase toward the footwall, but large variations may also be found within individual orebodies (Kormos, 1999) . The matrix of the footwall breccia usually shows pervasive or patchy epidote, actinolite, biotite, and chlorite alteration, indicating a volatile-rich environment during or after its formation (Coats and Snajdr, 1984) .
The vein-type footwall deposits occur up to 2 km from the contact zone. These comprise veins as thick as 1.5 m that are hosted by the Levack Gneiss or by Sudbury breccia in the Levack Gneiss. Veins have highly variable local strike directions but their regional orientation is parallel to the contact of the Sudbury Igneous Complex. The veins may be connected to footwall breccia orebodies (e.g., McCreedy West deposit; Fig. 2 ) or may occur without known connection to contacttype orebodies (e.g., Strathcona Deep copper zone, showings at the Barnet property, and McCreedy East deposit; Fig. 2 ). Veins usually consist of massive chalcopyrite with pentlandite, millerite, bornite, and magnetite as major minerals in association with hydrous silicates. The Cu content of veins may be as high as 27 wt percent with 2 to 5 g/t Pt, 1 to 13 g/t Pd, and 0.1 to 8 g/t Au. In contrast to the typical magmatic sulfide orebodies of the North Range, the Cu/Ni ratio is greater than 1 in the vein-type ores.
Methods of Study
Several deposits and various parts of the Levack Gneiss were studied in mines and outcrops ( Figs. 1 and 2 ). The guideline for sampling was to find typical specimens that show clear evidence of the relative timing of events. On the macroscopic scale, the post-impact processes may easily be identified by examination of intersecting relationships between the Sudbury breccia and veins or alteration zones within the Levack Gneiss. This guideline may also be followed on the microscopic scale, because the impact event resulted in abundant planar features (shock metamorphism) in quartz of the Levack Gneiss, and the contact metamorphic recrystallization or later veining replaces or cuts these features.
Mineral chemical data were acquired using a Camebax MBX electron microprobe by wavelength dispersive analysis. The equipment was standardized by a well-characterized suite of synthetic and natural compounds. Analyses were carried out at 15kV and 15 nA for silicates and 20kV and 35nA for PGM and sulfides. Counting times of 15 to 20 s or 40,000 counts were employed for each element except for F (40 s) and Ni (60 s).
Fluid inclusion petrography was aided by observations on a universal stage to reveal intersecting planes of fluid inclusions, grain boundaries, and shock-metamorphic planar features. Chronology of fluid inclusion entrapment was established on the basis of investigation of intersections of fluid inclusion planes. Along these intersections, fluid inclusions of older planes are refilled with fluids that migrated and were trapped along the younger planes (Roedder, 1984) and if the room temperature phase composition of inclusions in intersecting fractures is different the use of these observations for establishment of timing of fractures is relatively easy. The universal stage was also useful for identifying primary fluid inclusions according to criteria from Roedder (1984) , as well as for measuring orientation of fluid inclusion planes in oriented sections according to Pecher et al. (1985) , Pecher (1986), and Cathelineau et al. (1994) . Volume proportions of various phases in fluid inclusions were estimated on the basis of planimetry on video prints and comparison to charts published by Shepherd et al. (1985) . Compositions of daughter minerals in opened polyphase fluid inclusions were semiquantitatively determined by SEM-EDS analyses: analytical details are given by Farrow et al. (1994) .
Microthermometric analyses of fluid inclusions were carried out on a U.S. Geological Survey-type apparatus calibrated using synthetic fluid inclusions. The equipment was standardized for approaching 0.1°C reproducibility near the melting temperature of pure carbon dioxide (-56.6°C) and pure water (0.0°C) and 1°C reproducibility at 374°C.
Most polyphase fluid inclusions found in specimens homogenized by dissolution of daughter minerals at a higher temperature than that of the vapor phase. This type of homogenization may result in high internal pressure and thus stretching, leaking, or decrepitation (Bodnar, 1994) . Repeated heating runs on polyphase inclusions that did not leak or decrepitate during homogenization via halite dissolution resulted in an increase of the vapor homogenization temperatures; thus stretching of these inclusions occurred. In spite of this, the halite homogenization temperatures displayed the Everest (1999) and Jago et al. (1994) . standardized ±1°C reproducibility in most repeated runs and higher standard deviation (max 3°C) was observed only in a few and relatively large (around 10 µm) inclusions. These observations confirm that stretching does not sufficiently affect daughter mineral dissolution temperatures (Sterner et al., 1988; Marshall et al., 1993; Bodnar, 1994; Cline and Vanko, 1995) . Due to the effect of stretching on homogenization temperatures of vapor phase each sample chip containing polyphase inclusions was heated only in a single run during data collection.
Results of Textural and Mineralogical Studies

Footwall granophyre
In the mineralized footwall breccia and shear-related fractures of the Levack Gneiss in close proximity to the contact, there are small (5-30 cm 3 ) irregular bodies or 5-to 10-cmwide and several meters-long microdikes of a felsic rock. These felsic units are characterized by granophyric texture; therefore they are referred to as "footwall granophyre" in this paper. The footwall granophyre was studied in the Craig, Hardy, and Barnet deposits (Fig. 1) .
Microdikes of footwall granophyre cut magmatic sulfide assemblages in the footwall breccia (Fig. 3A) and the Sudbury breccia in the Levack Gneiss. The granophyric texture consists of graphic intergrowths of 1-to 3-mm-large quartz and plagioclase crystals (Fig. 3B) . Most of these plagioclase crystals are saussuritized albite (An <5%) due to chlorite and epidote alteration. Based on electron microprobe analyses, rare unaltered plagioclase laths are characterized by An content between 35 and 42 percent. The quartz-plagioclase granophyric masses contain millimeter-sized anhedral monoclinic pyroxene (augite-diopside) and euhedral edenite and magnesio-hornblende (according to electron microprobe analyses and using classifications in Leake et al., 1997) , biotite, and titanite. Fluorine content of hornblende is much higher (1.4-1.6 wt %) than chlorine content (around 0.1 wt %; Fig. 4 ). The 5-to 10-µm-thick and up to 1-mm-long inclusions of apatite in quartz have greater than 2.8 wt percent F and less than 0.2 wt percent Cl contents (Fig. 4) .
The central parts of microdikes and irregular bodies of the footwall granophyre contain miarolitic cavities as large as 2 to 3 cm in diameter (Fig. 3A) . Within miarolites, sometimes coarse-grained euhedral quartz and plagioclase crystals are present with central greenish masses of chlorite, epidote, and actinolite. Actinolite is partly altered to chlorite (picnochlorite-ripidolite). Chlorite often contains xenomorphic grains of a pyrrhotite-magnetite assemblage that is partially replaced by chalcopyrite.
PGM-bearing veins along the contact
PGM-bearing veins were studied at the Whistle and McCreedy East mines (Fig. 1) . In the Whistle mine, the contact sublayer and footwall breccia host magmatic Fe-Ni-Cu ore. Epidote-chlorite alteration is pervasively present in the quartz-plagioclase matrix, mafic fragments, and footwall granophyre patches of the footwall breccia. The footwall breccia and granophyric patches are cut by subparallel sets of 1-to 2-cm-thick PGM-bearing veins (Fig. 3C ). These veins are not very common, but their occurrence is very important regarding genetic aspects of PGM mineralization. In the veins, early euhedral-subhedral pyrite is partially replaced by anhedral pyrrhotite containing exsolved pentlandite. The FeNi sulfides are partially replaced by anhedral grains of chalcopyrite that contains 20-to 30-µm-large round grains of homogeneous merenskyite ( Fig. 3D At the McCreedy East mine the PGM-bearing vein-type footwall ore is an important constituent of the deposit. The veins are confined to zones of the Sudbury breccia in the Levack Gneiss, several hundred meters from the Sudbury Igneous Complex-Levack Gneiss contact and magmatic Fe-NiCu orebodies (Fig. 2) . These veins are 0.1 to 1 m wide at the 4,400-and 4,250-ft levels of the mine and have very variable strike over short distances but are generally parallel to the Sudbury Igneous Complex contact. The zone of veins may be followed for 300 to 400 m. The alteration halo around the veins is only a few centimeters thick in the Levack Gneiss ( Fig. 3E ) but is as much as 1 m thick where the host is the matrix of the Sudbury breccia. Rocks in the vicinity of veins are characterized by up to 500 ppm chlorine content Warner et al. (1998) Data from this study Fig. 3E ; also see Fig. 5C ). Within this zone millerite replaces chalcopyrite. By transition to the alteration selvage the massive appearance of sulfide changes to disseminations and Pt-Pd-bearing minerals such as michenerite, moncheite, froodite, and less common insizwaite and sobolevskite (Table 1 ; Fig. 6 ) occur as inclusions in chalcopyrite and quartz and on the surface of euhedral epidote grains. These PGM are often associated with hessite, gold, hauchecornite, and parkerite ( Fig. 3F, G) . In the dark alteration halo (zone c, Fig. 3E ) the amount of sulfides decreases and bornite appears in addition to chalcopyrite. The dark color of the rock results from abundant, disseminated epidote, chlorite, and actinolite. From the original constituents of the rock only recrystallized aggregates of quartz may be recognized (Fig. 5D ). In the less altered Levack Gneiss (zone d, Fig. 3E ) plagioclase is sericitized and chlorite and carbonate replace biotite. Titanite and Ti oxide replace accessory ilmenite. 
Late veinlets in footwall granophyre and PGM-bearing veins
In the McCreedy East mine (Fig. 2 ) bornite-rich veinlets (2-5 cm thick) and stockwork zones (1-to 5-mm-thick irregular veinlets) occur at the terminations of the major Cu-Ni-PGM veins and as later infillings in their central part. Within these veinlets bornite replaces irregular grains (30-50 µm) of native silver and bismuthinite, and accessory chalcopyrite, millerite, hauchecornite, wittichenite, as well. Sulfides are associated with euhedral actinolite and plagioclase, epidote, biotite, and chlorite. Coarse-grained calcite with euhedral quartz and chlorite comprise the central parts of these veinlets.
The PGM-bearing veins at the Whistle mine are also postdated by a subparallel set of carbonate-chlorite-epidote-albite veinlets and the footwall granophyre is also cut by thin calcitequartz-chlorite veinlets with minor epidote and actinolite (Fig. 3B ). Thus the common carbonate veining postdates formation of footwall granophyre and PGM-bearing veins. Actinolite from these late veinlets contains very small amounts of Cl (<0.21 wt %) and F (<0.05 wt %) compared to the earlier formed hornblende of the footwall granophyre (Fig. 4) At the McCreedy West mine (Fig. 2 ) the massive chalcopyrite-and PGM-rich veins that are mineralogically and texturally similar to those at the McCreedy East mine (Everest, 1999) are also cut by several generations of late veinlets. In the 1-to 2-cm-thick quartz-epidote-chalcopyrite veinlets that were formed in two major stages (quartz-epidote-chalcopyrite followed by quartz-chalcopyrite assemblage), epidote (Hoffman and Maclean, 1976) , near the melting temperature of michenerite.
(0.17-0.22 Ps) is euhedral and quartz shows growth zoning (Fig. 5F ). Chalcopyrite is associated with minor amounts of galena, pentlandite, and sphalerite. Crosscutting, quartzchlorite-epidote (0.13-0.23 Ps) veinlets also occur (Fig. 5H , G).
Late quartz-chalcopyrite veinlets were also recognized in a 1-to 1.5-wide zone around the PGM-bearing major veins in the McCreedy East mine. They are characterized by the presence of coarse-grained (up to 3-5 cm large), xenomorphic and milky quartz grains. Chalcopyrite occurs interstitial to quartz and is replaced by millerite along its chlorite-and epidote-rich contact with quartz.
The Levack Gneiss has weak epidote-actinolite-chloritesericite alteration along the late veinlets at each locality.
Alteration of the Levack Gneiss at various distances from the contact
The Levack Gneiss was studied at the contact and as far as 6.5 km from the contact (Fig. 1) . The most obvious result of hydrothermal activity in the Levack Gneiss is the presence of numerous millimeter-centimeter-sized epidote-chlorite-quartz veinlets and disseminations. Epidote alteration is also present in the matrix and various clasts of the Sudbury breccia; thus the regional hydrothermal veining and alteration postdates the impact event. The density of veining and disseminations is usually low and does not correlate with distance from the Sudbury Igneous Complex, although some zones along the contact near Levack (Fig. 1) show very dense veining and massive epidote alteration. The strikes of epidote-and/or chlorite-bearing veinlets in the Levack Gneiss are both parallel and perpendicular to the Sudbury Igneous Complex-Levack Gneiss contact (50°-80°and 320°-340°; Fig. 7 ). According to Rousell (1984) and Rousell et al. (1999) (80°-90°and 340°-350°) is different from the mineralized fractures (Fig. 7) .
Rock-forming quartz from the Levack Gneiss without recrystallization is characterized by undulose extinction and abundant planar features created by the shock metamorphic event 1.85 Ga ago. Contact-metamorphic recrystallization in the vicinity of the Sudbury Igneous Complex resulted in equant aggregates of euhedral-subhedral clear quartz with straight extinction. The clear quartz often shows ghost textures of, or replaces, shock-metamorphosed quartz (Fig. 5D , E). Recrystallization of rock-forming quartz was recognized even at the farthest sampling point from the contact.
Results of Fluid Inclusion Studies
Types of fluid inclusions and chronology of their entrapment
Fluid inclusions in quartz from the footwall granophyre, quartz and calcite in hydrothermal veins, and recrystallized quartz in the Levack Gneiss may be classified into three major types according to their phase compositions at room temperature.
Type I saturated aqueous inclusions: These inclusions generally have a liquid + vapor + solid (halite) (L aq + V + S halite ) phase composition. The volume of vapor phase is 5 to 20 percent and halite occupies 10 to 40 vol percent of inclusions. In addition to halite they contain daughter (SX1, SX2, and SX3 phases) and insoluble minerals (SXn phases) in inclusions from the footwall granophyre and PGM-bearing veins (Fig.  8A) . One daughter mineral is a needle-like prism or rhombohedral crystal of Ca chloride (Fig 8B, D) , which is green with a dark outline and shows weak to strong anisotropy. A round bright daughter mineral, which is strongly anisotropic, is probably identical with the Fe-and Mn-rich chlorides found by SEM-EDS analyses in opened fluid inclusions (Fig. 8C) . In some inclusions pale, transparent, irregular, and isotropic sylvite was also found (Fig. 8C ). Prismatic (with bluish-gray anisotropy) and irregular (with dark outline, anisotropic) phases were also found in some of these inclusions. SEM-EDS analyses revealed that these insoluble phases are albite, Tibearing minerals (rutile and possibly titanite) and biotite. Along the same growth zones of quartz from footwall granophyre, prismatic inclusions of plagioclase occur, consistent with albite crystals in these inclusions being accidentally trapped solids.
Type II unsaturated aqueous inclusions: These inclusions contain liquid and vapor (L aq + V) phases at room temperature (Fig. 8H ). There are two subtypes in this group of inclusions according to their phase compositions. In type IIA inclusions the volume of vapor phase is very variable but always exceeds 30 and may be as high as 90 vol percent. In type IIB inclusions the volume of vapor phase is less than 20 and most typically it is about 10 vol percent.
Type III aqueous-carbonic inclusions: These inclusions contain aqueous liquid, carbonic liquid, and vapor (L aq + L carbonic + V; Fig. 8G ) with very variable volume ratios. The volume of carbonic phases (L carbonic + V) is between 10 and apparently 100 percent in these inclusions.
Most of studied samples contain several generations of various types of fluid inclusions. On the basis of the timing of their entrapment they are classified into the following groups: primary, early secondary, secondary, and late secondary.
These genetic groups of inclusions are usually rather different regarding their phase compositions (Table 2) .
Type I primary fluid inclusions with L aq + V + S halite ± SX1 ± SX2 ± SX3 ± SXn phase compositions occur as isolated objects, in small populations consisting of three to seven inclusions and along growth zones of rock-forming anhedral and miarolite-filling euhedral quartz from the footwall granophyre. There are also isolated, thus primary, inclusions in anhedral quartz from PGM-bearing veins.
Type I primary fluid inclusions of late veins have L + V + S halite phase compositions and they also occur independently from fractures in quartz and cleavage planes of calcite. They also were found along growth zones of quartz (Figs. 5F, H, and 8E). These inclusions usually contain only halite daughter minerals. The exception is calcite, in which a few type I inclusions also contain an additional anisotropic daughter mineral (SX1 phase). Type IIB (L aq + V) inclusions are sometimes also isolated or are associated with primary type I inclusions along growth zones of quartz from late veins.
Some samples from footwall granophyre and PGM-bearing veins also contain type I inclusions with additional daughter minerals to halite along short fractures cutting across adjoining quartz grains. Although the phase composition is similar, they differ from the primary inclusions of these samples regarding their microthermometric behavior (see below). Crosscutting relationships suggest that they were trapped earlier than other fracture-related inclusions. Therefore they are classified as early secondary inclusions.
Type IIA aqueous inclusions were identified in samples from the footwall granophyre and PGM-bearing veins. They occur in fractures that are younger than planes containing type I early secondary inclusions and are older than other planes with different types of aqueous fluid inclusions. Therefore they are classified as secondary inclusions. The relationship of type IIA inclusions to type III carbonic-aqueous inclusions is complex. Most commonly, planes of type III inclusions appear to be older than fractures with type IIA inclusions, but the reverse relationship was also found. However, fractures with aqueous fluid inclusions that are younger than planes of type IIA inclusions also cut across planes of type III inclusions in quartz from the footwall granophyre and in rock-forming quartz from the Levack Gneiss. These observations confirm that type III inclusions were also trapped as secondary inclusions during the same fracturing event that resulted in development of microfractures with type IIA inclusions.
The youngest fractures in footwall granophyre, PGM-bearing veins, and recrystallized quartz of the Levack Gneiss contain the late secondary type I (L aq + V + S halite ) and type IIB (L aq + V) inclusions.
Fluid inclusion microthermometric data
Primary type I saturated aqueous inclusions and primary type IIB aqueous inclusions: During the heating of the primary type I inclusions with L aq + V + S halite ± SX1 ± SX2 ± SX3 ± SXn phase composition from quartz of the footwall granophyre dissolution of halite (222°-509°C; Table 3 ) always took place at a higher temperature than the homogenization of the vapor phase (56°-278°C). Most Ca, K, Fe, and Mn chlorides (SX1, SX2, and SX3 phases) also homogenized after Figure 5F . McCreedy West mine. G. Type III aqueous-carbonic secondary fluid inclusions in quartz of the recrystallized Levack Gneiss shown in Figure 5E . These inclusions homogenized to the vapor phase. McCreedy West mine. H. Type IIB late secondary aqueous inclusions from the quartz of the Levack Gneiss, 500 m from the contact. the disappearance of the vapor phase. Total homogenization temperatures are from 350°to 510°C (Fig. 9) . In most inclusions the last phase to dissolve was not halite but another chloride (Table 3 ). Several inclusions leaked or decrepitated before dissolution of halite or other daughter minerals; data for these inclusions are not considered.
Total homogenization of type I primary (L + V + S halite ± SX1 ± SX2 ± SX3) fluid inclusions from the PGM-bearing veins took place with the dissolution of a bright, strongly birefringrent daughter mineral between 400°and 475°C (Fig.  10) . The average halite homogenization temperature is 329°C, and the other daughter minerals dissolved in the range (65°-256°C) of the vapor homogenization temperatures (Table 3) .
In late calcite-quartz-epidote-actinolite veinlets type I primary (L + V + S halite ± SX1) fluid inclusions of calcite homogenized between 220°and 350°C (Fig. 11) by dissolution of halite. The vapor phase and occasional additional daughter minerals homogenized at a much lower temperature (Table 3) .
Total homogenization of type I primary (L + V + S halite ) inclusions of quartz from late quartz-epidote-chalcopyrite, quartz-chalcopyrite, and quartz-chlorite-epidote veinlets took place either by dissolution of halite or vapor phase most commonly below 250°C (Fig. 11) . It is remarkable that in the quartz-epidote-chalcopyrite veinlets both types of homogenization occurred among primary fluid inclusions (Fig. 12) .
Freezing of type I primary inclusions of quartz from the footwall granophyre and PGM-bearing veins and calcite from late calcite-quartz-epidote-actinolite veinlets was never achieved in spite of cycling at low temperatures. This behavior is due to the sluggish nature of nucleation of ice and hydrate phases in inclusions with highly complex composition (Shepherd et al., 1985) . Halite dissolution temperatures correspond to 33.0 to 61.0 wt percent NaCl equiv of inclusion liquids from the footwall granophyre, 34.1 to 48.1 wt percent NaCl equiv for the samples from the PGM-bearing veins, and 33.2 to 42.5 wt percent NaCl equiv from the late calcite-quartz-epidote-actinolite veinlet (Table 3 ). These ranges of salinities are only estimations due to the presence of additional daughter minerals to halite and the mode of homogenization (i.e., dissolution of halite at a much higher temperature than the homogenization of the vapor phase). The relatively large variation of salinities may not only be the result of the different trapping conditions for primary fluid inclusions in different veins but the effect of the variable amounts of other cations in addition to Na on the solubility of halite (Linke, 1965) .
In the primary type I inclusions of quartz from late hydrothermal veins, average salinities corresponding to halitemelting temperatures in the NaCl-H 2 O binary are between 29 and 32 wt percent NaCl equiv (Table 3) . However, when freezing was achieved in these inclusions, eutectic melting occurred below -50°C and ice melted at a much lower temperature than the eutectic temperature (-21.1°C) in the NaCl-H 2 O binary. Hydrohalite accumulated only in some of these inclusions with metastable melting above 0.1°C (the maximum temperature of stable hydrohalite melting). Freezing data suggest that fluids contain CaCl 2 or possibly Fe chlorides in addition to NaCl (Linke, 1965; Oakes et al., 1990) . Using average data for ice-melting and halite dissolution temperatures (Table 3) salinities are 36 wt percent NaCl + CaCl 2 with 0.38 wt percent NaCl/(NaCl + CaCl 2 ) for the quartz-epidotechalcopyrite vein and 31.8 wt percent NaCl + CaCl 2 with 0.44 wt percent NaCl/(NaCl + CaCl 2 ) for the quartz-chloriteepidote vein in the NaCl-CaCl 2 -H 2 O ternary (Williams-Jones and Samson, 1990); thus, they are slightly higher in comparison to salinities estimated only from halite dissolution temperatures.
In some late veinlets type IIB aqueous inclusions are also primary. They homogenized by vapor phase dissolution near the temperatures of total homogenization of primary type I inclusions (Table 3 ). The very low eutectic and ice-melting temperatures indicate a Ca-rich composition in the NaClCaCl 2 -H 2 O ternary with (NaCl/(NaCl + CaCl 2 ) ratios less than 0.2. Salinities calculated from average ice-melting temperatures assuming CaCl 2 -H 2 O composition are 28.5 to 30.5 wt percent CaCl 2 equiv.
Early secondary type I saturated aqueous inclusions: Type I early secondary inclusions with L + V + S halite ± SX1 ± SX2 ± SX3 phase composition occur in footwall granophyre and PGM-bearing veins (Table 2) . Their total homogenization temperatures are lower than those for primary type I inclusions from these environments (Figs. 9 and 10): average values are 300°and 341°C (Table 3) . Total homogenization always took place by halite dissolution and other daughter mineral phases dissolved at a much lower temperature than halite. Average salinities calculated from halite-melting temperatures are 38.2 and 41.6 wt percent NaCl equiv.
Freezing of type I early secondary inclusions was achieved occasionally. Eutectic melting temperatures from -53°to -60°C and average ice-melting temperature at -29.2°C indicate the presence of divalent cations (possibly Ca and Fe; Linke, 1965; Shepherd et al., 1985; Oakes et al., 1990) 
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Secondary type IIA aqueous and type III aqueous-carbonic fluid inclusions:
Type IIA secondary L + V inclusions were found in samples from footwall granophyre and PGM-bearing veins (Table 2) . They displayed very wide ranges of homogenization not only to liquid but also to vapor, usually above 300°C (Figs. 9 and 10) . Some of these inclusions decrepitated before achieving total homogenization between 375°and 508°C (Table 3) . Although eutectic melting temperatures are also highly variable between -26°and -62°C, the average icemelting temperatures are equivocally around -25°C and corresponding salinities calculated for CaCl 2 -H 2 O fluid composition are around 23 wt percent CaCl 2 equiv (Table 3) .
Type III aqueous-carbonic (L aq + L carbonic + V) secondary inclusions were found in quartz from the footwall granophyre and the Levack Gneiss (Table 2) . Type III inclusions with most typically 80 to apparently 100 vol percent carbonic phase displayed partial homogenization of carbonic phase to vapor and total homogenization to vapor (observed when the thin film of aqueous liquid along the inclusion wall was clearly visible; e.g., Fig 8G) . In a few cases these inclusions associate with such carbonic-aqueous inclusions that have partial homogenization of carbonic phase to vapor or liquid and total homogenization to aqueous liquid. The volume of carbonic phase varies between 10 and 50 percent, with most common values from 20 to 30 percent for inclusions with a low-density carbonic phase and 30 to 40 percent for inclusions with a high-density carbonic phase. There also are such carbonicaqueous inclusions that are characterized by 60 to apparently 100 vol percent carbonic phase and both partial and total homogenization to carbonic liquid. In several aqueous-carbonic fluid inclusions with partial homogenization to carbonic vapor, the presence of the low-density carbonic phase was observed only due to clathrate formation and/or occurrence of double freezing. The freezing of the carbonic phase took place at around -100°C in all type III inclusions and the melting of the solid carbonic phase occurred at or a slightly lower than -56.6°C, the triple point of pure CO 2 (Fig. 13) . Eutectic melting in the aqueous phase occurred between -20°and -30°C (Table 3 ), indicating an NaCl-H 2 O-type composition (Bodnar and Vityk, 1994) . In a few inclusions hydrohalite was present in addition to the clathrate at a slightly higher temperature than that of eutectic melting. In these cases, the melting of clathrate took place at around -9.5°C. This behavior is typical of fluid inclusions having salinities of the aqueous phase between 23.3 and 26.2 wt percent NaCl equiv in the NaCl-CO 2 -H 2 O system (Barton and Chou, 1993) . Metastable hydrohalite melting took place above 0°C in these inclusions. The occurrence of very low clathrate melting temperatures below -9.5°C probably indicates the presence of divalent cations (e.g., Ca 2+ ) in addition to NaCl in some inclusions (Bakker et al., 1996) . In most carbonic-aqueous inclusions only ice and clathrate were present in addition to L aq , L carbonic , and V phases after the eutectic melting during heating, and clathrate melted between -17.6°and +10.0°C with most common temperatures from -8°to -10°C and from +2°t o +7°C (Fig. 13B) . Salinities calculated from clathrate-melting temperatures for NaCl-CO 2 -H 2 O model composition according to Darling (1991) are mostly between 6 to 12 and 20 to 24 wt percent NaCl equiv. The lower salinity values are typical of type III inclusions having total homogenization to vapor, and high salinities are characteristic of inclusions homogenizing to aqueous liquid or carbonic liquid phase.
Partial homogenization of the carbonic phases either to liquid or vapor are most commonly above 20°C. The distribution of partial homogenization data as a function of melting temperature of the carbonic phase (Fig. 13A) is consistent with the effect of methane in addition to carbon dioxide on these parameters (Thiéry et al., 1994) , though the presence of additional volatiles such as nitrogen and sulfur species cannot be excluded. The estimated methane contents of carbonic phases are most commonly lower than 0.1 mole fraction; however, this may also be affected by the formation of clathrate at low temperatures and retrograde condensation in inclusions with partial homogenization to vapor (Seitz et al., 1987; Thiéry et al., 1994) . Also, the presence of methane in addition to carbon dioxide in carbonic-aqueous inclusions increases the melting temperature of clathrate (Roedder, 1984) ; thus actual salinities may be slightly higher than values determined for type III inclusions, using a simple NaCl-CO 2 -H 2 O model composition.
The total homogenization in each variety of type III inclusions took place mostly between 250°and 450°C (Figs. 9 and 11). However, many aqueous-carbonic inclusions decrepitated before their total homogenization during the heating runs (Table 3) .
Late secondary type I saturated aqueous inclusions and type IIB aqueous inclusions: Late secondary type I inclusions with L + V + S halite phase composition are common in footwall granophyre, PGM-bearing veins, and the Levack Gneiss (Table 2) . Their microthermometric characteristics are very similar to the primary type I inclusions in late veinlets: total homogenization most commonly with halite dissolution took place below 250°C (Fig. 12) . Typical eutectic melting temperatures and average ice-melting temperatures are below -50°and -22.5°C, respectively (Table 3) . Salinities calculated from average halite dissolution temperatures are around 32 wt percent NaCl equiv, using an NaCl-H 2 O model composition. The very low eutectic melting temperatures and icemelting temperatures indicate that additional divalent cations are also present in these inclusions. Using average halite and ice-melting temperatures in the NaCl-CaCl 2 -H 2 O ternary, the salinities are between 35 and 37 wt percent NaCl + CaCl 2 with NaCl/(NaCl + CaCl 2 ) ratios from 0.52 to 0.69.
Type IIB late secondary inclusions with L + V phase composition occur in all types of samples (note that they are primary in some late veinlets as described above). They homogenized to the liquid phase below 270°C (Figs. 9, 10, and 11) . Eutectic melting of these inclusions is near or lower than the eutectic temperature for the NaCl-CaCl 2 -H 2 O ternary (-52°C) in the quartz from footwall granophyre, PGM-bearing and late hydrothermal veins, and in some fractures of quartz from the Levack Gneiss. Higher eutectic temperatures, between -21°and -30°C, that are characteristic of NaCl-H 2 O-type fluids also occurred in the rock-forming quartz of the Levack Gneiss (Table 3 ). The variation in eutectic temperatures indicates variable NaCl/(NaCl + CaCl 2 ) ratios of inclusion fluids. Due to the occurrence of very low ice melting temperatures salinities are calculated for CaCl 2 -H 2 O model compositions and values are between 11 and 26 wt percent CaCl 2 equiv (Table 3) .
Orientation of fluid inclusion planes
All samples from the Levack Gneiss and footwall granophyre contain secondary type III (L aq + L carbonic + V) inclusions and late secondary type I (L aq + V + S halite ) and type IIB (L aq + V) inclusions (Table 2 ). Figure 7 shows that the prevailing orientation of fractures hosting these inclusions is northwestsoutheast and north-south and subordinately northeast-southwest. The most typical orientation of planes of secondary aqueous-carbonic fluid inclusions is always different from those of late secondary aqueous inclusions in the same sample. This is in agreement with the results of petrography, indicating that trapping and therefore migration of carbonicaqueous fluids was not contemporaneous with late aqueous solutions. Thus mobilization of these fluids was related to different tectonic events that triggered fracturing of rocks. On the other hand, the occurrence of similar orientations for planes of different types of fluid inclusions in different samples indicates that preexisting fractures were reactivated in the succession of tectonic events. These reactivated fractures have north-south and northwest-southeast orientation with 60°to 80°dip.
The northwest-southeast strike of fluid inclusion planes is very similar to one of the major orientations of mineralized (epidote-chlorite) fractures in the vicinity of the sampling points (Fig. 7) . This orientation is perpendicular (330°-340°) to the Sudbury Igneous Complex-Levack Gneiss contact and is parallel to the orientation of the post-Sudbury Igneous Complex Sudbury dikes (Fig.1) . The north-south strike direction of fluid inclusion planes corresponds to the orientation of the Fecunis Lake fault (340°-350°; Fig. 1 ) and is rather similar to the measured orientation of barren fractures. The less common northeast-southwest orientation occurs mostly for fractures with type I, L + V + S halite inclusions in the vicinity of the Sudbury Igneous Complex-Levack Gneiss contact (Fig.  7) . This orientation is identical with the northeast-southwest strike of one set of joints with epidote-chlorite infillings and that of Cu-Ni-PGE veins in the footwall.
Temporal and Spatial Evolution of Fluid Mobilization Processes and Formation of Vein-Type Ores in the Footwall Units
Magmatic fluid separation and conditions of formation of PGM-bearing veins
The footwall granophyre crystallized later than the formation of the footwall breccia and its magmatic sulfides along the North Range of the Sudbury Igneous Complex. The melt from which the footwall granophyre crystallized injected not only the footwall breccia but also tectonized zones of the Levack Gneiss in the vicinity of the Sudbury Igneous Complexfootwall contact. Results of Ar-Ar dating of hornblende from the footwall granophyre dike that cuts the footwall breccia in the Craig mine (Fig. 3A) suggest that the parent melt of the footwall granophyre originated from partial melting of the Levack Gneiss at 1.85 Ga age (Marshall et al., 1999) . Partial melting of the Levack Gneiss during emplacement of the Sudbury Igneous Complex was also documented by Coats and Snajdr (1984) .
Using compositional data of edenite, magnesio-hornblende, and plagioclase determined by electron microprobe analyses, plagioclase-amphibole thermometry from Blundy and Holland (1990) and Holland and Blundy (1994) results in 750°to 800°C (±30°-40°C) crystallization temperature for the footwall granophyre. Combinations of these temperatures with the geobarometer based on the total Al content of hornblende (Anderson, 1996) result in pressures from 1.10 to1.55 kbars. Assuming lithostatic conditions (2.65 rock density), 1.10 to 1.55 kbars correspond to about a 4.2-to 5.8-km depth of crystallization. (Fig. 1) .
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The presence of miarolitic cavities suggests that during the crystallization of the footwall granophyre a volatile phase separated from the parent melt. The high F/Cl ratios in apatite of the footwall granophyre (Fig. 4) indicate the chlorine-rich nature of the separated magmatic fluid phase (Piccoli and Candela, 1994; Boudreau, 1995; Candela and Piccoli, 1998) . Although the Fe and Mg content of hydrous silicates influences the halogen substitution in the OH sites of their structure (Volfinger et al., 1985) , the high fluorine content of the hornblende from the footwall granophyre (Fig. 4) may also reflect the coexistence of a chlorine-rich magmatic fluid with the parent silicate melt.
F/Cl ratios of intercumulus apatite of the contact sublayer, norite, and quartz gabbro along the North Range of the Sudbury Igneous Complex significantly differ from apatite data of the footwall granophyre (Fig. 4) . These main mass rocks of the Sudbury Igneous Complex do not show textural evidence of volatile separation (i.e., miarolites or pegmatites) or deuteric alteration, and the relatively low F/Cl ratios of apatite in comparison to those of the footwall granophyre may be interpreted as the lack of voluminous fluid-phase separation during crystallization. On the other hand, apatite from the main mass granophyre (the uppermost unit of the Sudbury Igneous Complex) has F/Cl ratios similar to those of the footwall granophyre and also has some miarolitic-pegmatitic zones. It is unlikely that fluid separated during the crystallization of the main mass granophyre moved downward into the lower contact zones of the Sudbury Igneous Complex through the thick norite-gabbro layers. More likely, fluid content of the parent melt of the footwall granophyre originated from hydrous rock-forming silicates and pore fluids during incipient melting of the Levack Gneiss.
The chlorine-rich fluids separated from the parent melt of the footwall granophyre were trapped as type I (L + V + S halite ± SX1 ± SX2 ± SX3 ± SXn) primary inclusions in quartz. Their microthermometric behavior indicates trapping under temperature and pressure conditions that are located between the halite solvus and a maximum isochore originating from the intersection of the halite solvus and the L + H and L + V + H phase boundary in the NaCl-H 2 O system (Bodnar, 1994; Cline and Vanko, 1995) . Total homogenization by dissolution of an anisotropic daughter mineral at a higher temperature than halite dissolution must occur in the P-T field between the halite solvus and the maximum isochore. Thus the minimum pressure of inclusion entrapment is constrained by the temperature of anisotropic daughter mineral dissolution along the maximum isochore. This minimum pressure is about 1.1 kbars in primary type I inclusions from the footwall granophyre (Fig. 14A) . This is coincident with the lower pressure limit calculated on the basis of the Al content of hornblende. However, the minimum pressure determination for fluid inclusion entrapment is dependent on the steepness of the maximum isochore. In our calculations, isochores for the simple NaCl-H 2 O binary were used to model a more complex aqueous fluid.
The high salinities (at around 50 wt %) of primary fluid inclusions of quartz from the footwall granophyre may reflect the originally highly saline nature of magmatic fluids (Cline and Vanko, 1995) . However, boiling of an originally less saline magmatic fluid may also generate very high salinities (Hedenquist and Loewenstern, 1994) . At about 750°to 800°C the critical pressure of the NaCl-H 2 O system is 1.2 to 1.6 kbars (Anderko and Pitzer, 1993) . This is also the probable P-T range of plagioclase-hornblende crystallization in the footwall granophyre (Fig. 14A) ; thus, fluid separated from the parent melt of the footwall granophyre may have boiled producing a high-salinity-high-density liquid and low salinity-density vapor. However, the mode of homogenization of primary type I inclusions excludes boiling at the time of their entrapment (Bodnar, 1994) . If high-salinity fluids are related to the boiling of a magmatically separated volatile phase they should have rapidly cooled under isobaric conditions prior to entrapment in primary fluid inclusions. Graphic texture of granitic pegmatites indicates supercooling during crystallization (London, 1996) ; thus, textural characteristics of the footwall granophyre may support a boiling plus rapid cooling model.
The minimum formation temperatures for PGM-bearing veins are constrained by total homogenization of their primary fluid inclusions between 400°and 480°C (Fig. 10) . The homogenization of these fluid inclusions took place by dissolution of an anisotropic daughter mineral. Using the same method as was followed for type I primary inclusions of the footwall granophyre, the minimum pressure of entrapment is around 1.6 kbars (Fig. 14A) . This value coincides with the upper pressure limit determined for the crystallization of hornblende in the footwall granophyre.
Temperature constraints of mineral deposition in vein ores may also be deduced from the PGM parageneses. Kotulskite and merenskyite form a complete solid solution between 575°a nd 710°C, but they form discrete grains below 575°C (Hoffman and MacLean, 1976) . Thus, the occurrence of individual grains of homogeneous merenskyite without exsolved kotulskite at the Whistle mine (Fig. 3D ) may indicate a crystallization temperature below 575°C. At the McCreedy East deposit, intergrowths of PGM also do not show exsolution; they are in sharp contact or they occur as individual grains (Fig.  3F, G) . The melting temperature of michenerite is between 489°and 501°C, depending on the Bi content (Hoffman and McLean, 1976) . The melting temperature of froodite is 485°C (Cabri and Laflamme, 1976) . Thus the upper temperature limit of formation of a paragenesis with these minerals and hydrous silicates is constrained by these data. The lowtemperature origin of the PGM is also supported by the similarity of their composition to the experimentally determined coexisting stable phases in the Pd-Bi-Te system at around 485°C (Fig. 6) .
Mineralogical, textural, and fluid inclusion data indicate that there is a genetic link between the circulation of the high-temperature complex fluids with very high salinities and emplacement of the Sudbury Igneous Complex. These fluids were released during crystallization of the footwall granophyre. The crystallization of the footwall granophyre outlasted the formation of magmatic sulfide deposits; thus the highly saline fluids segregated from the parent melt may have interacted with previously solidified magmatic sulfides. This Microthermometric data for type III aqueous-carbonic secondary fluid inclusions from the footwall granophyre (Craig, Hardy, and Barnet mines) and from the Levack Gneiss (McCreedy West mine and from sampling points at 2,000-and 6,500-m distances from the Sudbury Igneous Complex-Levack Gneiss contact along Highway 144; see Fig. 1 ). A. Distribution of partial homogenization temperatures of carbonic phases (T h(carbonic) ) as a function of melting temperatures of carbonic phases (T m(carbonic) ). The distribution of data points is consistent with an NaCl-CO 2 -CH 4 -H 2 O model composition for inclusions. Contours of critical curve and X CH 4 in carbonic phase are from figures in Thiéry et al. (1994) . The T h(carbonic) values above the critical curve may indicate the presence of small amounts of a third component, most likely a sulfide species (Ridley and Hageman, 1999) or occurrence of retrograde condensation for inclusions having partial homogenization to vapor (Thiéry et al., 1994) . Solid lines at -56.6°and +31.1°C correspond to the T m(carbonic) value and the critical temperature of pure CO 2 , respectively. B. Distribution of melting temperature of clathrate phases (T m(clathrate) ) as a function of melting temperatures of carbonic phases (T m(carbonic ). Salinities corresponding to clathrate-melting temperatures are from Darling (1991) . (Table 3) . Bold continous lines of maximum isochores according to Bodnar (1994) were calculated from average salinities and halite dissolution temperatures using an equation from Zhang and Frantz (1987) . Number in a maximum isochore refers to an inclusion population in Figure 12 . Vertical dotted lines correspond to average dissolution temperatures of the last-dissolving daughter SX phase (Table 3 ). Shaded areas indicate the possible trapping conditions of fluid inclusions, using average daughter mineral dissolution temperatures and 1.10-to 1.55-kbars pressure from thermobarometry based on mineralogy of the footwall granophyre. B. Estimation of trapping conditions for type I and type IIB primary fluid inclusions in late veinlets. Slope of halite liquidus (thin line) was calculated according to Bodnar (1994) , using average halite dissolution temperature for the Qtz-Ccp vein in Table 3 . Isochores (bold lines) were calculated according to Zhang and Frantz (1987) , using average data from Table 3 . Isochores for type IIB primary inclusions are undistinguishable from isochore 3 calculated for primary type I inclusions from the same sample in the scale of the figure. Numbers in isochores refer to inclusion populations in Figure 12 . Vertical dotted line corresponds to 250°C trapping temperature calculated from oxygen isotope data from Everest (1999) for coexisting quartz and epidote in quartz-epidote-chalcopyrite vein. Bold dots indicate trapping pressures corresponding to this isotope equilibrium temperature. Shaded circles indicate minimum trapping temperatures and pressures of fluid inclusions in quartz-chalcopyrite and quartz-chlorite-epidote veins. C. Estimation of trapping conditions for type I and type IIB late secondary fluid inclusions from the footwall granophyre, PGM-bearing veins, and the Levack Gneiss. Isochores of inclusions (bold lines) and halite liquidus (thin lines) were calculated on the basis of average homogenization temperature and salinity data for type IIB inclusions (Table 3 ) and model compositions according to populations of type I inclusions in Figure 12 , using an equation from Zhang and Frantz (1987) . Minimum trapping temperatures and pressures are indicated by shaded circles. interaction along the North Range is reflected by the pervasive biotite-hornblende alteration of the footwall breccia, the major host of magmatic sulfide deposits (Coats and Snajdr, 1984) . The Fe-Mn-rich composition of fluids may also have resulted from this process.
RELEASE OF MAGMATIC FLUIDS
PLAGIOCLASE-HORNBLENDE CRYSTALLIZATION IN THE FOOTWALL GRANOPHYRE
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PGM-bearing veins cut Sudbury and footwall breccia containing magmatic sulfide ores. Textural evidence (Fig. 3C ) also proves that PGM-bearing veins formed after the crystallization of the footwall granophyre, thus after the release of fluid from the parent melt of the footwall granophyre. Microthermometric behavior and composition of type I primary fluid inclusions from PGM veins are similar to those for primary inclusion of the footwall granophyre. This suggests a genetic link between the magmatic fluids separated along the lower contact of the Sudbury Igneous Complex and primary inclusion fluids in PGM-bearing veins. The presence of an important magmatic component in fluids related to the formation of the vein-type Cu-Ni-PGE footwall ore is also confirmed by the available oxygen and hydrogen stable isotope data. Marshall et al. (1999) showed that amphibole from vein-type ore at the Strathcona and Fraser deposits (North Range) has δ
18
O and δD values indicative of mixing of magmatic fluids with Ca-rich saline ground water characteristic of the Canadian Shield.
In their relatively low temperature experiments (T <300°C), Mountain and Wood (1988) , Gammons et al. (1992) , and Wood et al. (1992) found that chloride complexes are important transporting agents for Pt and Pd under acidic and relatively oxidizing conditions. Sassani and Schock (1998) found increasing stability of Pt and Pd chloride complexes at higher temperatures. Thus the magmatic fluids of the contact zone along the North Range with a 400°to 500°C minimum temperature and very high salinities at about 50 wt percent NaCl equiv are capable of transporting precious metals from the primary magmatic sulfides even under less acidic and less oxidative conditions. Since the solubility of Pd is higher than Pt in chloride complexes, remobilization and redeposition by Clrich fluids may result in a more Pd-rich ore compared to the magmatic sulfide orebodies.
Norite above the footwall breccia was apparently impermeable during fluid circulation as is indicated by the lack of significant hydrothermal alteration. Magmatic fluids were forced to circulate beneath the Sudbury Igneous Complex along a fracture system striking parallel and perpendicular to the Sudbury Igneous Complex-footwall contact. Fractures and breccia zones parallel and close to the contact were sites for precipitation of metals remobilized from the footwall breccia and its magmatic orebodies. The restriction of the complex, very saline high-temperature fluids to the vicinity of the Sudbury Igneous Complex-footwall contact points to the role of heat originating from the complex in the hydrothermal circulation. Considering the original, rather flatlying position of the complex this situation is similar to a model described by Cathles et al. (1997) , who showed that hydrothermal convection may indeed develop beneath a deep-seated, sill-like, impermeable cooling intrusive body. The precipitation of remobilized precious metals took place in the high-temperature parts (400°-500°C) of the convective cells .
Quartz from both the footwall granophyre and PGM-bearing veins also contains early secondary type I fluid inclusions.
Type I fluid inclusions with similar phase composition and microthermometric behavior to early secondary inclusions also occur as primary objects in late calcite-quartz-epidote-actinolite veinlets. The minimum temperature of formation of carbonate veining or entrapment of type I early secondary fluid inclusions is 250°to 350°C on the basis of homogenization temperature data (Table 3 ). The maximum temperature is constrained at 340°to 420°C by the 1.10 to 1.55 kbars assumed trapping pressure along the maximum isochore of these inclusions (Fig. 14A) . The similarity of fluid compositions and the relatively high formation temperatures suggest that early secondary fluid inclusions in the footwall granophyre and PGM veins were trapped during carbonate veining at the waning stage of magmatic-hydrothermal activity.
Mobilization of immiscible aqueous-carbonic fluids
Type III aqueous-carbonic fluid inclusions are secondary in the footwall granophyre as well as in the recrystallized rockforming quartz of the Levack Gneiss (Table 2) ; therefore, their fluids interacted with the rocks after the formation of the footwall granophyre and contact-metasomatic recrystallization of the Levack Gneiss. Type III inclusions are absent from late quartz-epidote(-chalcopyrite-chlorite) veinlets. Thus the mobilization of aqueous-carbonic fluids took place between the magmatic-hydrothermal activity and formation of late veinlets. As the carbonic-aqueous inclusions are always secondary, no mineralization can be related to their fluids.
The associations of type III inclusions with different phase compositions and their contrasting mode of total homogenization (i.e., to aqueous liquid and to carbonic vapor and liquid phase; Figs. 9 and 11), and their decrepitation in the same temperature range (Table 3) are consistent with their trapping from a heterogeneous fluid system in which water-and carbonic phase-rich, partially immiscible solutions coexisted (Ramboz et al., 1982; Diamond, 1990 Diamond, , 1994 . Under this condition the trapping temperatures of fluid inclusions are equal with the total homogenization temperatures and their internal pressures at the homogenization temperatures correspond to the trapping pressures (Roedder, 1984) . However, total homogenization temperatures may be elevated due to the possibility of inhomogeneous trapping (Bodnar et al., 1985; Diamond, 1994; Brown, 1998) ; therefore, the minimum range of total homogenization temperatures for end-member fluids is taken into account for calculation of trapping pressures. The minimum and average total homogenization temperatures determine this minimum range. The calculated trapping pressures for inclusions with low-density carbonic phases (T h(carbonate) to V) and with total homogenization to vapor or aqueous liquid are 271 to 694 and 256 to 1,862 bars, respectively (Table 4) . Inclusions with a high-density carbonic phase (T h(carbonic) to L) homogenizing to carbonic or aqueous liquid have internal pressures of 435 to 1,050 bars in the range of minimum homogenization temperatures.
The large variation in inclusion behavior and estimated trapping pressures for type III inclusions is consistent with the association of carbonic-aqueous fluid immiscibility with a tectonic stage during which uplift of footwall units from about a 5-to 6-km to about a 3-to 4-km depth took place, and repeated fracturing of rocks permitted the change of pressure from lithostatic to hydrostatic conditions. This pressure variation resulted in a succession of immiscible carbonicaqueous fluid phases trapped as type III secondary fluid inclusions at a temperature around 300°to 350°C.
Petrographic observations and occurrence of homogenization either to liquid or vapor phases (Fig. 10) indicate that entrapment of type IIA secondary inclusions took place under boiling conditions developed during the same fracturing event that resulted in entrapment of type III secondary inclusions. The very scattered distribution of homogenization temperatures (300°-500°C) may be related to the occurrence of inhomogeneous trapping. Therefore the most probable temperature for entrapment of type IIA inclusions is 300°to 400°C. In this temperature range, fluids with NaCl-H 2 O-type composition and salinities of 22 wt percent NaCl equiv may boil if the maximum load on the hydrothermal system is between 77 and 264 bars. Hedenquist and Henley (1985) showed that up to 0.75 mol/kg CO 2 in a fluid inclusion may be undetectable by microthermometry due to the lack of observable clathrate formation. A carbon dioxide content between 0.01 and 0.005 X CO 2 in a 22 wt percent NaCl equiv solution results in 100 to 150 bar partial pressure for CO 2 at 300°C (Ellis and Golding, 1963) . Assuming that type IIA inclusions may have a few tenths of mole/kilogram carbonic component undetectable by freezing, their internal pressures (P CO 2g + P water g ) between 300°and 400°C are in the range of pressures for entrapment of some type III carbonic-aqueous inclusions with a low-density carbonic phase. The presence of a volatile phase with high partial pressure in type IIA inclusions is also indicated by their decrepitation before attaining total homogenization in some heating runs (Table 3) .
Fluid inclusion data reveal that the aqueous component of the aqueous-carbonic fluids generally had more simple, mainly NaCl-H 2 O-type composition and significantly lower salinities than those of the earlier high-temperature magmatic fluids (Table 3) . Moreover, occurrence of inclusions entrapped during aqueous-carbonic fluid circulation is not restricted to the vicinity of the contact but is regionally present in various Levack Gneiss samples (Fig. 7) . These observations suggest that the aqueous-carbonic solutions had a more regional and different origin than the earlier fluids of the magmatic-hydrothermal system.
According to the orientation of fluid inclusion planes, carbonic-aqueous fluids circulated mostly along north-and northwest-trending fractures (Fig. 7) . North-and northwestoriented stress in the Sudbury structure, which may be responsible for formation of similarly oriented extension fractures in rocks along the North Range, occurred during thrusting in the South Range between 1.85 and 1.7 Ga, at the late stages of the Penokean orogeny (Riller and Schwerdtner, 1997) . According to Cowan and Schwerdtner (1994) this tectonism was focused in brittle shear zones and this structural situation may also explain the large variation of pressures between lithostatic and hydrostatic conditions, resulting in high variation of compositions of coexisting carbonic-aqueous fluids during their boiling.
Late-stage regional fluid circulation with occasional sulfide veining
Primary type I and type IIB inclusions in the quartz-epidotechalcopyrite veinlet homogenized in the same temperature phase: due to the salinity limit of the applied equations for calculation of pressures, the inclusion salinity was estimated to be 23.3 wt percent NaCl equiv in these cases; pressures were calculated using the GASWET8 PC program from Bakker (1999) range (200°-250°C, Fig. 11 ) and homogenization either by halite dissolution or by vapor phase disappearance occurred among type I inclusions (Fig. 12) . Using the temperature dependence of oxygen isotope fractionation between epidote and quartz from Marshall et al. (1999) and stable isotope data (δ
18
O quartz = 9.80 and δ
O epidote = 3.00) from Everest (1999) , the formation of quartz-epidote infilling took place at 250°C. This temperature implies 440 bars trapping pressure along the isochore of primary type I inclusions homogenizing with vapor phase disappearance and for primary type IIB inclusions (Fig. 14B) . The 250°C isotope temperature along the isochore of those type I primary fluid inclusions from the same veinlet that homogenized by halite dissolution is at 950 bars. Minimum trapping pressure for the primary type I inclusions from the quartz-chalcopyrite veinlet that homogenized by halite dissolution is at 1,100 bars (Fig. 14B) . Minimum trapping pressures for late secondary type I fluid inclusions from the footwall granophyre, PGM-bearing veins, and the Levack Gneiss having similar microthermometric data to those for primary inclusions in late veinlets are between 600 and 1,600 bars (Fig. 14C) .
Type IIB late secondary aqueous fluid inclusions from all samples are characterized by NaCl-CaCl 2 -H 2 O-type compositions with moderate salinities (18-24 wt % CaCl 2 equiv; Table 3 ). Modern Ca-rich fluids with this type of composition and salinity are regionally present in the Canadian Shield and in the vicinity of the Sudbury structure (Frape and Fritz, 1982; Kelly et al., 1986) . Oxygen and hydrogen stable isotope data (Marshall et al. 1999 ) also suggest a genetic link between the fluids of late secondary inclusions to the formational brines of shield areas. The temperature of formational brines is mainly controlled by the geothermal gradient. A conservative estimate of the geothermal gradient is 33°C/1,000 m. Using this value, intersections of isochores for type IIB late secondary inclusions with the hydrostatic geothermal gradient results in trapping pressures of 400 to 750 bars. The pressure correction for homogenization temperatures is in the range of 20°to 60°C (Fig. 14C) . Assuming the same hydrostatic geothermal gradient for formation of late veinlets, the pressure value along the isochore for primary fluid inclusions from the latest quartz-epidote-chlorite veinlet is 500 bars (Fig. 14B) .
On the basis of pressure estimations it may be concluded that regional fluid activity related to the formation of late veinlets and entrapment of late secondary inclusions occurred during variation of pressures between lithostatic (950 to min 1,600 bars) and hydrostatic (440 to min 750 bars) conditions at about a 4-to 6-km depth. This result essentially coincides with paleodepth data for the magmatic-hydrothermal activity and mobilization of carbonic-aqueous fluids.
The major strike direction and dip of Cu-Ni-PGE vein-type ores in the footwall units along the North Range is parallel to the Sudbury Igneous Complex-footwall contact. The strike direction of the mineralized joints with epidote-chlorite in the footwall rocks is also parallel or perpendicular to the Sudbury Igneous Complex-footwall contact and it differs from the almost east-west and north-south orientation for open fractures with no minerals (Fig. 7) . The northeast-southwest orientation parallel with the contact is rather subordinate for planes of secondary aqueous-carbonic and late secondary type IIB (L aq + V) fluid inclusions but rather common for late secondary type I (L + V + S halite ) inclusions in the contact zone (Hardy deposit, Fig. 7 ). This indicates that circulation of latestage saline fluids trapped as type I inclusions was locally controlled by the structures which host the vein-type Cu-Ni-PGE assemblages along the contact. The frequency of fluid inclusion planes oriented parallel to the Sudbury Igneous Complex-footwall contact (NE-SW) decreases with distance from the contact and the predominant orientation changes to the northwest (Fig. 7) . The predominant strike direction of mafic dikes (Sudbury dikes) formed around 1.24 Ga is also northwest (Krogh et al., 1987; Rousell et al., 1999) . Thus tectonism and associated igneous activity generated a regional northwest-oriented fracture system with possible reopening of similarly oriented fractures. This process also may have permitted circulation of shield-type ground water along the fractures at about a 4-to 6-km depth. Interaction of mobilized Cl-rich ground water with earlier magmatic and veintype sulfides may have resulted in local remobilization of ores along the contact and thus formation of late quartz-epidote veinlets with sulfides.
Conclusions
Mineralogical, textural, and fluid inclusion observations along the North Range of the Sudbury Igneous Complex indicate that multistage hydrothermal circulation of fluids took place in the footwall units. The hydrothermal activity took place in three major stages. In the first stage a magmatic-hydrothermal system developed along the lower contact of the Sudbury Igneous Complex. Separation of a magmatic fluid phase is reflected in the presence of miarolitic cavities in the footwall granophyre, the halogen geochemistry of apatite and hornblende, and the occurrence of high-salinity primary fluid inclusions with Na, K, Ca, Fe, and Mn chloride daughter minerals. Circulation of the high-temperature (>300°-400°C) and very saline (around 50 wt % NaCl equiv) magmatic fluid was driven by the heat of the Sudbury Igneous Complex along and beneath its lower contact with the Archean basement rocks under lithostatic conditions at a depth around 4 to 6 km. These fluids may have interacted with the earlier formed magmatic sulfide deposits of the footwall breccia, resulting in remobilization of Cu, Ni, and precious metals and their redeposition in veins that parallel the contact with the footwall units. These veins are characterized by hydrothermal alteration selvages rich in epidote, chlorite, and actinolite and contain quartz, carbonates, biotite, stilpnomelane, chlorinerich hydrous silicates (ferropyrosmalite) in addition to chalcopyrite, pentlandite, millerite, bornite, pyrrhotite, and magnetite. These vein-type ores are also rich in Pt-Pd-Bi-Te phases as well as native Au-Ag and Ag with accessory hessite, bismuthinite, hauchecornite, parkerite, and wittichenite. The presence of merenskyite, michenerite, and froodite and textural relationships among precious metal minerals confirm a formation temperature below 575°to 485°C of vein-type CuNi-PGE ores. On the other hand, fluid inclusion data indicate a minimum temperature of 400°to 480°C for formation of these veins.
The early stage of high-temperature hydrothermal activity dominated by saline magmatic fluids was followed by an intermediate-temperature (300°-350°C) hydrothermal pulse characterized by carbonic-aqueous solutions with intermediate to low salinities (26-6 wt % NaCl equiv). These fluids were mobilized along northerly-northwesterly oriented fractures and are related to brittle deformation of the Sudbury structure during the late stages of the Penokean orogeny (1.9-1.7 Ga). Repeated immiscibility with degassing of fluids probably was triggered by a decrease of pressure from lithostatic to hydrostatic conditions during uplift from about 5 to 6 to 3 to 4 km. These fluids were present regionally and invaded the contact zone and footwall units far from the contact. These fluids did not produce ore mineralization along the North Range.
Late-stage NaCl-CaCl 2 -H 2 O-type fluids also interacted regionally with rocks along the North Range and are related to mobilization of Canadian Shield brines. The relatively low, 150°to 250°C, temperature of these fluids was partly controlled by the geothermal gradient at a 4-to 6-km depth under variable lithostatic and hydrostatic conditions; additional heat from a regional source may be attributed to a tectono-thermal event, such as the emplacement of the mafic Sudbury dikes (1.24 Ga) along northwest-oriented fractures. Circulation of the late fluids was also related to formation and reactivation of fractures with a predominantly northwest strike direction. However, along the Sudbury Igneous Complex-footwall contact they also migrated along northeast-oriented fractures hosting the earlier formed Cu-Ni-PGE veins. Due to the saline, Cl-rich nature of brines, their interaction with the sulfide orebodies resulted in remobilization of metals and formation of late chalcopyrite-rich veinlets with epidote-chlorite infillings and alteration.
The results of regional-scale fluid inclusion studies along the North Range highlights the role of multiple hydrothermal processes in the metallogenic evaluation of the Sudbury Igneous Complex and especially in the interpretation of distribution of precious metals in the footwall units.
